ABSTRACT: This study investigated the removal of parabens, N,Ndiethyl-m-toluamide (DEET), and phthalates by ozonation. The secondorder rate constants for the reaction between selected compounds with ozone at pH 7 were of (2.2 60.2) 3 10 6 to (2.9 60. s. Ozonation of selected compounds in secondary wastewater and surface waters revealed that ozone dose of 1 and 3 mg/L yielded greater than 99% depletion of parabens and greater than 92% DEET and phthalates, respectively. In addition, parabens were found to transform almost exclusively through the reaction with ozone, while DEET and phthalates were transformed almost entirely by hydroxyl radicals (?OH). Water Environ. Res., 83, 684 (2011).
Introduction
Recently, endocrine disrupting chemicals (EDCs), pharmaceuticals, and personal care products (PPCPs) have emerged as environmental contaminants in water environments around the world (Yoon et al., 2010) . The occurrence of EDCs and PPCPs in the environment has drawn much attention among the scientific community because of their ubiquity and health effects (Fatta et al., 2007) . It has been a challenge, however, for water treatment facilities to remove these compounds in wastewater treatment and drinking water production.
Among various oxidation processes for water treatment, ozone (O 3 ) has been demonstrated to be an efficient oxidant for the removal of various organic pollutants (Ikehata et al., 2006; Weinberg et al., 2008) . During ozonation, O 3 reacts directly with dissolved organic compounds and another part may decompose before the reaction. Decomposition of O 3 in water forms hydroxyl radicals (?OH), which is a highly reactive secondary oxidant. Hydroxyl radicals can react with dissolved organic compounds, and the products from this reaction can further accelerate the O 3 decomposition process (Hoigné and Bader, 1983) . Therefore, pollutants can react with both O 3 and ?OH during ozonation. Because of its electrophilic nature, however, O 3 only reacts with the electron-rich reaction site of pollutants; ?OH reacts nonselectively with all pollutants. Therefore, it is important to know the nature of pollutants towards the reaction with O 3 and ?OH during ozonation.
Ozonation of PPCPs and EDCs typically focuses on pharmaceuticals (e.g., antibiotics, b-blockers, and antineoplastic agent) and steroids (e.g., estrone, estradiol, and diethylstilbestrol). Limited data are available for personal care products and nonsteroid EDCs (except bisphenol A). Therefore, this experiment focused on the transformation of parabens [methyl-(MeP) , ethyl-(EtP), propyl-(PrP), and butylparaben (BuP)]; phthalates [dimethyl-(DMP), diethyl-(DEP) and dipropyl phthalate(DPP)], and DEET (N,N-diethyl-m-toluamide) in surface waters and secondary wastewater by using ozonation. Table 1 provides a list of compounds that were selected for investigation. These include personal care products (PCPs) and EDCs that have been detected frequently in various aquatic environments (Tay et al., 2009 (Tay et al., , 2010a (Tay et al., , 2010b .
Parabens (4-hydroxy-benzoate esters) and their salts are antimicrobial preservatives that are commonly used in cosmetics, food, pharmaceuticals, and PCPs. Parabens with estrogenic properties have been suspected to cause breast cancer cells to grow and proliferate because these compounds have been detected in breast tumor (Darbre et al., 2004) . Phthalates with the chemical structure of dialkyl or alkyl/aryl esters of 1,2-benzenedicarboxylic acid are industrial chemicals used predominantly as additives to enhance the distendability and workability of plastics (Oehlmann et al., 2008) . These chemicals also have been used in pharmaceuticals, clothing, household furnishing, cleaning materials, adhesives, waxes, cosmetics, inks, insecticides, and construction materials and as solvents (Schettler, 2006) . So far, the concerns about the adverse health effects of phthalates are largely focused on its estrogenicity (Hong et al., 2005; Nakai et al., 1999; Parveen et al., 2008) . DEET is a common active compound in mosquito repellents. It functions as a block to the mosquito's chemoreceptor that sense carbon dioxide and lactic acid in locating their host (Fradin, 1998) . The reported adverse effects of DEET to humans include seizures, brain damage, and dermal toxicity (U.S. Environmental Protection Agency, 1998).
The first part of the experiment was to determine the secondorder rate constant for the direct reaction between individual compounds with O 3 and ?OH. The second part of the experiment, ozonation of selected compounds in surface waters and secondary wastewater, evaluated the influence of ozone dosage and water matrices and the contribution of O 3 and ?OH (f OH and f O3 ) to the removal of selected compounds.
Materials and methods
Chemicals. DEET (97%), DPP (98%) and nitrobenzene (99%) were purchased from Sigma-Aldrich (St. Louis, Missouri). DMP ($ 99%), DEP (99.5%), and tert-butanol (t-BuOH) were obtained from Sigma-Aldrich. MeP, EtP, PrP, BuP, phenol, and sodium hydroxide (purity . 99%) were obtained from SigmaAldrich. Para-chlorobenzoic acid (pCBA) with the purity of . 97% was also obtained from Sigma-Aldrich. All solvents (highperformance liquid chromatography grade) and acids were purchased from Merck Corp. (Whitehouse Station, New Jersey). The stock solutions were prepared by dissolving the corresponding compounds in ultrapure water with the resistivity of 18 MV cm.
Selected Water Matrices. To simulate real-water treatment conditions, ozonation of selected compounds was performed in surface waters (rivers and lakes) and secondary wastewater collected in Kuala Lumpur (Malaysia). These selected water samples differed in total organic carbon (TOC) content and alkalinity. Table 2 shows the water quality parameters of the selected water samples. All waters were filtered through 0.45 mm cellulose nitrate membrane filters and kept at 4 uC until use.
Experimental Procedure. Ozone was produced from purified oxygen (99.8%) by an OZX-05K model ozone generator (Enaly ME Ltd., Shanghai, China). The aqueous O 3 stock solution (, 1.3 mM) was prepared by sparging ozone at the rate of 0.70 g/ h 21 into water placed inside a water-jacketed beaker at 2 uC (Bader and Hoigné, 1981) . Experiments for the determination of k o3-M were performed with three replicates (n 5 3) for each compound at room temperature (25 to 28 uC) as outlined below.
For phthalates and DEET, ozonation was carried out under pseudo-first-order conditions with excess selected compound. Experiments were performed according to the methods reported by Huber et al. (2003) with slight modification. The concentrations of selected compounds were at least10 times greater than the concentration of O 3 . A 20-mL amber headspace vial was used as the reactor. The O 3 stock solution was added to a series of solutions (final concentration of 25 mM) containing 250 mM of the selected compound and 20 mM of t-BuOH (radical scavenger). The experiment was buffered at pH 7 using 20 mM phosphate buffer. Then 10 mL of the aliquot was withdrawn every minute. The reaction was quenched immediately in a test tube containing indigo solution (Bader and Hoigné, 1981) . The concentration of O 3 was determined using a spectrophotometer. The concentration of selected compounds decreased less than 3% during the sampling period. This method assumed that the concentration of selected compounds remain unchanged throughout the experiment. The k o3-M values were calculated using the following equation:
Where /s, competition kinetics method was performed according to the methods reported by Huber et al. (2003) and Benner et al. (2008) with slight modifications. The detail of the procedure, k o3-M determination, and method validation was given in a previous study (Tay et al., 2010a) . Briefly, the experiments were performed at pH 7 in 20-mL amber headspace vials with solutions containing equal concentrations of the target (paraben) and reference (phenol) compounds (4 mM) and 20 mM of t-BuOH. The pH of the solution was adjusted using Figure 1 -Plots for the determination of (a) k o3-M for N, N-diethyl-m-toluamide (DEET; selected compound in excess); and (b) k o3-M for PrP (competitive kinetics method), and (c) f OH for diethyl phthalate (DEP).
20 mM of a phosphate buffer. Different concentrations of O 3 were added to a series of vials at a final concentration of 1.5 to 7.5 mM.
To minimize headspace, the final volume for the ozonation was carried out at 20 mL. The vials were shaken vigorously after the O 3 solution was added (Newcombe, 2002) . The remaining concentrations of target and reference compounds were then analyzed using HPLC. Determination of second-order rate constants for the reaction of selected PPCPs and EDCs with ?OH (k OH-M ) was performed using the Fenton reaction. Fenton reaction was used to generate ?OH, and the competition kinetics method was used to determine k OH-M . Details of the procedure and method validation were given in a previous study (Tay et al., 2010a) . The reaction was performed at room temperature in a 50-mL flat-bottom flask. The reaction was started by the addition of hydrogen peroxide (H 2 O 2 ) solution at a concentration of 200 mM to a solution containing the selected compound (10 mM) , nitrobenzene (NB)(10 mM, reference compound) and iron (II) sulfate (10 mM) at pH 3.0. The pH was adjusted using 1.0 M of sulfuric acid. The final volume of the reaction mixture was 50 mL. One mL of the aliquot was withdrawn every minute, and the reaction was quenched immediately using 0.1 mL of 0.01 M of sodium thiosulphate (Na 2 S 2 O 3 ) solution. Concentration of selected compound and the reference compounds were analyzed using HPLC. Three replicates were performed for each compound.
Ozonation of Selected Compounds in Different Water Type. Selected water matrices were spiked with each selected compound at a concentration of 1 mM and transferred into a series of 20-mL headspace vials. Then O 3 doses ranging from 0.5 to 3.0 mg/L were added. The final volume of the reaction mixture was 20 mL. Vials were shaken vigorously after addition of the O 3 solution. Remaining selected compounds was measured using HPLC. All experiments were carried out at room temperature.
Determination of f OH and f O3 . Determination of f OH was carried out using competition kinetics method with pCBA as reference compound (Benitez et al., 2009 ). Experiments were conducted in a series of 20-mL headspace vials at the pH of 7 (adjusted using 20 mM of phosphate buffer). Each target compound and reference compound were added to river water at the final concentration of 1 mM in a series of five vials. Ozonation was initiated by the addition of ozone stock solution and the final concentration ranged from 2.5 to 20 mM. Experiments were performed at room temperature. Remaining selected and reference compounds were analyzed using HPLC. The model for the determination of f OH and f O3 is described in detail by Benitez et al. (2009) and Dodd et al. (2006) . The f OH and f O3 were calculated Table 3 -Parameters from the calibration plots of selected compounds (MeP = methylparaben; EtP = ethylparaben; PrP = propylparaben; BuP = butylparaben; DMP = dimethyl phthalate; DEP = diethyl phthalate; DPP = dipropyl phthalate; DEET = N,N-diethyl-m-toluamide; pCBA = para-chlorobenzoic acid; NB = nitrobenzene). 
is known and f OH can be deduced.
Instrumental Analysis. All HPLC analyses were performed using Shimadzu HPLC system consisting of a LC-20AT pump, a SPD-M20A diode array detector, a SIL-20AHT auto sampler, a CTO-20AC column oven, and a CBM-20A communication bus module (Shimadzu Corp., Kyoto, Japan). A reverse-phase Chromolith RP-18 monolithic column (100 mm 3 4.6 mm; Merck KGaA, Darmstadt, Germany) was used for separation. The mobile phase used was a mixture of acetonitrile (Solvent A) and 0.1% formic acid in deionized water (Solvent B). The flow rate was maintained at 1.0 mL/min for all runs. Gradient elution was carried out as follows: the initial mobile phase was a mixture of 5A:95B (v/v); subsequently, it was increased to 95A:5B (v/v) over a period of 15 minutes. A six-minute reequilibration using 5A:95B (v/v) was carried out between sample injections.
Results and Discussion
Second-Order Rate Constants for Reactions with Ozone. For the quantification purpose, the linearity of a series of standard solutions of selected PPCPs and EDCs as well as reference compounds ranging from 0.05 to 5 mM were examined. The parameters obtained from the regression analysis of the calibration plots are presented in Table 3 .
Second-order rate constants for the reaction of selected compounds with ozone were determined in buffered ultrapure water at pH 7, which is close to the environmental pH condition. Then t-BuOH was added to scavenge the radical reaction because of hydroxyl radicals. The determined k o3-M values are presented in Table 4 . The k o3-M values of parabens as phenolic compounds were found to be 10 6 times higher than phthalate and DEET. Phthalate and DEET with the lowest values of rate constants ranging from 2.1 to 5.2 M 21 /s were found to be more resistant against ozone degradation The k o3-M value of DPP was not determined in this study because of its low solubility in water. For both parabens and phthalates, k o3-M values were found to increase with increasing alkyl chain length. In conclusion, from the obtained rate constants, the following increasing order of the reactivity of the selected compounds for the reaction with O 3 can be obtained: DMP , DEP , DEET , MeP , EtP , PrP , BuP.
Second-order Rate Constants for Reactions with Hydroxyl Radicals. Determination of k OH-M was performed using the Fenton reaction. The Fenton reaction involves use of hydrogen peroxide (H 2 O 2 ) with iron(II) salts as a catalyst to generate ?OH as shown in the following equation (Boonrattanakij et al., 2009 ): Fe 2z zH 2 O 2 ?Fe 3z z : OHz -OH. The determined k OH-M for the selected compounds are presented in Table 4 . The rate constants ranged from (2.49 60.06) 3 10 9 to (9.2 60.4) 3 10 9 M 21 /s. The obtained k OH-M were within the typical range of rate constants for aromatic compounds that range from 10 9 to 10 10 M 21 /s (Boonrattanakij et al., 2009 ). As k o3-M , k OH-M of parabens and phthalates were found to increase with the increasing alkyl chain length. The rate of hydrogen abstraction from the ester chain by ?OH, which has been found to increase with ester chain length, is suggested to be the main reason for the difference (Behnke et al., 1988) .
Ozonation in Natural Water. To simulate real water treatment condition, experiments were performed in three different water matrices (Table 4) with ozone dosage ranging from 0.5 to 3.0 mg/L. The results of the percentages of the transformation of selected compounds are presented in Figure 2 . Typically, parabens with high k o3-M (10 6 M 21 /s) were completely transformed at the O 3 dosage of 1.0 mg/L. For DEET and phthalates with low reactivity toward the reaction with ozone (,10 M 21 /s), an ozone dose of 3.0 mg/L was found to be sufficient to achieve more than 92% transformation. Table 4 shows the f OH and f O3 for selected compounds in river water. Determined f OH values of parabens ranged from 0.03 to 0.07. For DEET and phthalates, the f OH values ranged from 0.89 to 0.98. These results indicated that parabens can be almost completely transformed through reaction with ozone, while the transformation of DEET and phthalates depends on reaction with ?OH. Therefore, ?OH is an important species in removal of DEET and phthalates during water treatment that using ozonation as a chemical oxidation method.
The depletion of DEET and phthalates was influenced by the amount of total organic carbon (TOC) in the water. For example, at the ozone dosage of 2.0 mg/L, river water, secondary wastewater, and lake water with the TOC content of 13.1, 15.5, and 22.3 mg/L showed 98%, 96%, and 86% of DEET transformation, respectively (Figure 2 ). Similar results have been reported by Benitez et al. (2009) on ozonation of phenacetin in natural waters. In contrast, transformation of parabens, which is reactive with ozone, is less likely to be influenced by water matrices because these compounds can react directly with O 3 . Because transformation of DEET occurs primarily through the reaction with ?OH, the presence of dissolved organic matter in water consumed part of the ?OH and reduced the amount of ?OH available for the oxidation of DEET. Because of its nonselective behavior, ?OH can be involved in any reaction with equal preference (Rastogi et al., 2009) . Therefore, in the ozonation process, the amount of TOC in waters is an important consideration for the transformation of pollutants that are less reactive toward O 3 .
Prediction of the Transformation of Selected Compounds in Natural Waters by Ozonation. The determined k OH-M and k o3-M are useful in predicting the ozone dosages required for transformation of selected compounds in ozonation and the fraction of organic pollutant that will be degraded by ?OH. According to Elovitz and von Gunten (1999) , f OH also can be expressed by the following equation. Where R ct 5 the ratio of time-integrated concentrations of ?OH ( R ½OHdt) to the time-integrated concentrations of O 3 in the ozonation process ( R ½O 3 dt). The R ct concept was introduced by Elovitz and von Gunten in 1999 for the characterization of ozone reactivity in natural waters (Beltrán, 2004) . The R ct values obtained from the ozonation of different natural waters have been reported to range from 10 210 to 10 26 (Vel Leitner and Roshani, 2010) . The variables R ½O 3 dt and R ½OHdt represent O 3 and ?OH exposures that govern the decomposition of selected compounds in water treatment (Benitez et al., 2009 ). Instead of ozone dose, R ½O 3 dt (mg O 3 /L?min) represents the ozone dose as a function of the required O 3 concentration; the O 3 decay kinetics and the reaction time are often applied in full-scale water treatment (Vel Leitner and Roshani, 2010) .
Based on the obtained k OH-M and k o3-M , f OH and f O3 as a function of R ct values was plotted (Figure 3 ). This plot can be used to predict the fraction of selected compounds that will be transformed by O 3 and ?OH in ozonation. For example, natural water with an R ct value of 10 28 , the fractions of DEET, DMP, and DEP that will be transformed by O 3 is less than 0.2. Therefore, relatively higher O 3 -exposure is required for the transformation of these compounds (Figure 3) . Figure 4 shows the O 3 -exposure required for 90% transformation of the selected compounds calculated using the following equation as reported by (Vel Leitner and Roshani, 2010) .
Based on equation 5, the required O 3 -exposure to achieve a given percentage of transformation of organic pollutant can be estimated with the known R ct value. For example, results from the prediction model in Figure 4a shows that at room temperature and pH 7, 90% of DEET, DMP, and DEP can be removed by the O 3 -exposure of 24.2, 68.4, and 61.2 mg O 3 /L? min, respectively, in natural water with an R ct value of 10
28
. Under similar condition, O 3 -exposure of 6.4 3 10 24 to 13.2 3 10 24 mg O 3 /L? min are required (Figure 4b ) for 90% removal of parabens. This prediction model also has been applied successfully for the calculation of required O 3 -exposure for the abatement of benzotriazole during ozonation (Vel Leitner and Roshani, 2010) . 
